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Abstract
Historic stone buildings can experience severe decay through salt induced weathering. Decay can be easily seen with
the eye but can also occur below the surface. Characterising the changes in the material’s structural properties induced
by weathering is essential for the evaluation of durability of the stone and for the decision on the best conservation
strategy to maintain built heritage. Minimally invasive, in situ tools are needed to establish the location and state of
decay at the site. Here an ultrasonic drilling tool is introduced with a specially manufactured tip to monitor subsurface
properties of sandstones. Different types of sandstones with varying compressive strength are tested and an artificially
weathered sample is investigated. The tool tip wear and exerted force on the drilled samples are evaluated and compared
to conventional drilling. Ultrasonic drilling shows promising results for the use in conservation science to assess stone
properties and decay.
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1. Introduction
When building stones are exposed to a changing en-
vironment, they suffer from various types of weathering.
One of the most damaging weathering processes is in-
duced by salt minerals such as gypsum (CaSO4 ·2 H2O),
halite (NaCl), sylvite (KCl), thenardite (Na2SO4), magne-
sium sulphate salts (such as epsomite, MgSO4 ·7 H2O, and
hexahydrite, MgSO4 ·6 H2O), and other mineral phases of
these salts [1, 2]. The damage can range from a thin but
less damaging surface crust (efflorescence) commonly of
gypsum to disintegration of rocks caused by the subsur-
face florescence of salt minerals [3, 4]. The stress from
growth and dissolution of salts can alter the poromechan-
ical properties of rocks leading to changes in porosity and
pore size distribution [5, 6, 7, 8]. These changes can fur-
ther enhance other types of weathering such as biological
or physical decay. When salt minerals hydrate, further
damage can be caused by volume expansion [1, 6]. Subflo-
rescence may leave no visible damage on the exposed rock’s
surface but can lead to complete disintegration from the
interior. Investigation of the subsurface of the building
stone is necessary where their mineralogical and petro-
physical properties enhance salt decay and where environ-
mental conditions fluctuate rapidly such as wetting and
drying or temperature changes [9].
Investigating buildings stones and their state of decay is
important to make an informed decision on best practise
for conservation strategies to preserve built heritage and to
reduce maintenance costs. No common procedure is estab-
lished for laboratory or in situ testing of building material
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[10]. Techniques to investigate decay of building stones
need to be minimally invasive to preserve the often his-
toric structure and aesthetics of the stone building. The
testing methods used need to deliver comparable and re-
peatable data to characterise the state of decay of the stone
at depth. To date several non-destructive to minimally
invasive techniques are combined to enable in situ investi-
gation of the surface of the rocks or to the near subsurface
to often undefined depths [11]. Drilling into the building
stone can provide precise information on the structural
changes in the rock at depth [12, 13, 14, 15]. Conven-
tional drilling tools that have been developed for this pur-
pose and tested in the last decades include the DRMS or
Durabo [12, 14, 16]. The DRMS provides information on
subsurface properties through the drilling resistance of the
investigated rocks by measuring the force needed to pene-
trate the rock. A linear correlation between drilling resis-
tance and uniaxial compressive strength (UCS) as well as
porosity can be assumed [17, 18].
When drilling abrasive rock types such as quartz rich sand-
stones, an increased wear on the drill tip is unavoidable
and requires frequent change of expensive drill bits. Meth-
ods to compensate or correct the wear of the drill bits in-
clude the drilling of a pilot hole or the frequent drilling
of reference materials, which however increases the num-
ber of holes needed to be drilled and therefore again the
wear of the tool as well as a time-consuming drilling pro-
cess and correction [19, 20, 21]. When drilling different
building stones/materials with varying hardness, given by
the compressive strength of the rock, the settings of the
tool need to be adjusted for the investigated materials.
This process makes it difficult to compare different build-
ing materials when for example the rotation per minute is
doubled or the progression speed into the tool is reduced.
Ultrasonic drilling has been shown to overcome several
disadvantages of conventional drilling especially in manu-
facturing industry: a reduced average force for some ma-
terials, easy penetration of hard materials and a reduced
wear for some materials [22, 23, 24, 25, 26, 27].
An increase in vibration amplitude can reduce the torque
[23]. When assessing the force reduction the ratio of the
vibration amplitude and cutting velocity in addition to the
contact time of the drill bit and the sample have to be con-
sidered [27]. Velocity, contact time and impact angle are
given by the set amplitude, frequency and cutting-as well
as rotation speed. In rotary ultrasonic machining the cut-
ting force has been investigated in relation to the vibration
stability. The latter can be altered by a changing reso-
nant frequency of the tool through its thermo-mechanical
load [28, 29]. The cutting force can decrease when ul-
trasonic power/amplitude and rotation rate increase, and
the progression rate (how fast the machine advances into
the sample) decreases [30]. Controlling these variables can
improve the material removal rate [29]. For example us-
ing sonic drilling can reduce 90% of the force needed to
drill into sandstone, with a given oscillation amplitude of
20 − 30 µm [31]. [32] measured a decrease up to 50% for
a 10 µm amplitude in ceramics. [23] investigated marble
and granite and with an amplitude of 18µm and a cutting
speed of 3 mm/min. A reduction in torque can be up to
80% for marble and 40% for granite. An increased rota-
tion rate decreases the thrust force but a too high weight
on bit and soft material can result in an increased thrust
force due to debris accumulation [33, 34].
In this paper we introduce an ultrasonic drilling tool to
monitor subsurface structural changes in building stones.
The consumed power is linked to the properties of the
drilled material. An artificially weathered building stone
is used to investigate locally confined damage by salt in-
duced decay. The design and performance of the tool is
described and a newly developed drill bit is introduced.
The application is then compared to a conventional drill
tool.
2. Material and Methods
2.1. Drilling techniques
2.1.1. Ultrasonic Assisted Drilling (UAD)
Ultrasonic assisted drilling differs from conventional
drilling in being characterised by a micro-hammering into
the rock. The ultrasonic drill tool includes three main
components: a transducer, that transforms electrical en-
ergy into a directed motion (here with a frequency around
20 kHz); an ultrasonic horn that is designed to amplify
this oscillation; and the drill bit to reduce wear and re-
move debris (Figure 1). The ultrasonic transducer used
is a Sonic Systems L500 device powered by a P100 con-
trol unit. The device is a half-wavelength system with
Figure 1: Assembly of the UAD with the drill bit, ultrasonic horn
and transducer. For the rotation a motor with two gears attached to
the casing of the transducer is added next to the slip ring. The force
and position sensor as well as the consumed power are monitored
with a sampling rate of 5 kHz. A linear actuator (beneath the tool)
moves the rig forward at a constant rate.
Figure 2: Drawing of the drill bit developed for the UAD with a
PCD tip from element6 manufactured by David Richards Engineer-
ing (SolidWorks).
Figure 3: Comparison of the Finite Element Analysis and the Exper-
imental Modal Analysis of the drill bit, ultrasonic horn and trans-
ducer. The temperature scale shows the deformation of the tool for
the second longitudinal mode modeled at 19598 Hz and experimen-
tally determined at 19287 Hz (Abaqus and ME’scopeVES).
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piezoceramics. Displacement can be adjusted from 2 to
12 µm peak-to-peak depending on the input power. A
half-wavelength step horn is designed to maximise the os-
cillating amplitude. The increase in amplitude is given by
the squared ratio of the two diameters of the horn (d1d2 )
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(Figure 1), which results in a theoretical gain of 4 for the
designed horn [22].
A twist drill bit was designed with specifically manufac-
tured polycrystalline diamond tip (PCD) from element six
and a threaded shank attachment to connect the ultra-
sonic horn to the drill bit tip. The drill bit has a di-
ameter of 3 mm and is made mainly of tungsten carbide
(Figure 2). Finite Element Analysis of the parts was un-
dertaken in Abaqus to model the proposed oscillation and
later confirmed in the Experimental Modal Analysis with
ME’scopeVES (Figure 3).
The ultrasonic transducer and horn are rotated by a
cog gear seated at the transducer and driven by a pinion at-
tached to a Maxon DC Geared Motor (B72DB9E3BD8D).
A slip ring is used to couple the electrical connections be-
tween the P100 (resonance tracking) unit and the piezo-
ceramic rings. The rotation of the drill tool is essential
for the removal of debris during drilling. A Kistler force
sensor (9321 B) measures compression during drilling to
monitor the exerted force on the sample. The progression
of the drill tool into the rock is controlled by a DC lin-
ear actuator (LT225-1-300P). In addition a position sensor
(PS-C15M 200 PS-C15M Linear Potentiometer) measures
the progress of the tool. PicoScope records the data with a
sampling rate of 5000 Hz. The power consumption is mon-
itored during drilling. A decrease in power consumed in-
dicates a material that is easier to penetrate. To maintain
a constant oscillation in different materials with varying
hardness the consumed power varies accordingly.
2.1.2. Conventional Drilling (CD)
Conventional drilling was undertaken using the Drilling
Resistance Measurement System (DRMS) from SINT. The
DRMS is operated with two motors to ensure a constant
rotation speed from 20 to 1000 rpm and a penetration rate
from 1 to 80 mm/min. These parameters need to be ad-
justed for the material drilled. A load cell measures the
force exerted on the drill tip during penetration with a
limit of 100 N. 3 or 5 mm diameter PCD drill bits are pro-
vided by SINT. The tool is portable and can be handheld.
For repeatable results the operator needs to keep the tool
steady during penetration.
2.2. Samples and sample preparation
Four types of sandstones commonly used as building
stones in Scotland and a halite sample were drilled [35, 36].
Sample dimensions are 8 cm x 5 cm x 8 cm. The first one is
Cullalo, a Carboniferous white quartz arenite containing
primarily quartz and less than 10% of other components.
The well sorted sandstone has grain sizes ∼200 microns
with quartz overgrowths. Porosity is ∼18% and uniaxial
compressive strength (UCS) is ∼49 MPa [37, 38]. Lochar-
briggs is a Permian red subarkose mainly with quartz and
feldspar. Grain size varies with ∼200 microns with a mod-
erate sorting with mainly clay cement present. The poros-
ity is 19% and UCS starts at ∼28 MPa [37, 38]. Stanton
Moor is a Carboniferous blonde subarkose mainly contain-
ing quartz, K- and Na-feldspar, and small amounts of mus-
covite. The sandstone has grain sizes of ∼200 microns, a
poor sorting and mainly quartz cement [37]. The porsosity
is 14% and the UCS starts at ∼51 MPa [37, 38, 39]. St.
Bees is a Triassic red lithic arkose. The grains are well
sorted with sizes ∼150 microns. Cement mainly consist of
clays and calcite. The porosity is ∼20% and the UCS is
between 79 - 100 MPa [37, 39]. A crystalline halite (NaCl)
sample was also used. The UCS of rock salt is ∼14 MPa
[40].
To induce subflorescence, a Stanton Moor sample was
treated with 14% Na2SO4-solution and a water repellent
to avoid efflorescence. Cyclic wetting and drying with the
salt solution was undertaken based on the treatment by
[13]: Four sides of the sample were sealed with epoxy
to prevent drying from those sides. One of the unsealed
sides, where drying should take place, was treated with
5% sodium methylsiliconate solution. During drying, this
water repellent forces the drying front into the inside of
the sample. The untreated side of the sample was placed
into 14% Na2SO4-solution for 3 hours. This was followed
by a drying phase of 24 hours in the oven at 45°C. The
cycle of wetting and drying was repeated four times for a
controlled damage induction below the rocks’ surface.
2.3. Experiments and settings
Four different tests were undertaken to investigate rock
types, exerted force on the sample, weathering and tool tip
wear. Table 1 summarises the different investigations. The
first test investigates the performance of the ultrasonic as-
sisted tool for the four different sandstone types, which
are common replacement stones in Scotland. These in-
clude Locharbriggs, Cullalo, Stanton Moor and St. Bees.
During the tests with the UAD the experimental settings
are kept constant: The developed drill bit is used with
a constant progression rate of 36 mm/min and a rotation
speed of 200 rpm. The sandstones are drilled perpendicu-
lar to the bedding to a depth of 15 mm
The second test measures the exerted force on a halite
sample during conventional drilling and ultrasonic assisted
drilling. The force exerted on the sample by the DRMS
and the UAD are compared.
The next test aims to locate subsurface damage caused
by artificial weathering in a Stanton Moor sample. The
samples are drilled perpendicular to the bedding and the
forced drying front of the sample. The depths of the holes
drilled is increased to 35 mm.
The last experiment investigates the wear of two different
drill bits used during testing. To quantify the wear of the
tip, the exerted force on the sample was examined during
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Table 1: Experimental settings for the Drilling Resistance Measurement System (DRMS) and ultrasonic assisted drilling (UAD)
Experiment I Stone type II Force III Decay IV Wear
Oscillation frequency (UAD)
[Hz]
20000 20000 20000 -
Oscillation amplitude (UAD)
[µm]
2.1 2.1 2.1 -
Progression rate (UAD)
[mm/m]
36 36 36 36
Rotation speed (UAD) [rpm] 200 200 200 -
Progression rate (DRMS)
[mm/m]
- 10 10 10
Rotation speed (DRMS) [rpm] - 200 200 400
Drill bit DB DB, SINT DB, SINT DB, SINT
Rock type Locharbriggs,
Cullalo, Stanton
Moor, St. Bees
halite Stanton Moor,
artificially
weathered
Stanton Moor
Hole depth [mm] 15 15 35 15
Number of holes 5 per stone 3 per tool 3 per tool 27 SINT,
51 DB
penetration of a Stanton Moor sample with the DRMS.
A worn bit exerts more force to penetrate rocks. During
conventional drilling with the DRMS the SINT provided
drill bit was used. The developed drill bit was also placed
into the DRMS and tested under the same condition. The
test was stopped after 50 drilled holes. For the wear in-
vestigation the rotation speed of the DRMS needs to be
increased to 400 rpm instead of the 200 rpm to enable a
penetration of the rock without very quickly reaching the
100 N force limit of the tool for the SINT drill bit.
Furthermore a previously used, developed drill bit was
tested, which previously had drilled more than 30 holes
during UAD. The same drill bit had on top drilled more
than 20 holes of soft sandstone, also during UAD. This
drill bit was then placed into the DRMS to measure the
exerted force on the Stanton Moor sample during conven-
tional drilling.
3. Results
3.1. Rock type
The average consumed power during drilling of five
holes to a depth of 1.5 cm for each stone type is displayed
in Figure 4. The power consumption to maintain the os-
cillation varies depending on the compressive strength or
hardness of the rock, with the lowest power consumption
for the Locharbriggs sandstone and the highest for the
hardest sandstone, St. Bees. It can be observed that the
standard deviation during drilling increases with the hard-
ness of the rock (Figure 4). The four different sandstones
with varying compressive strength can be differentiated
with the UAD tool without having to change the opera-
tional settings of the device.
Figure 4: Average consumed power (with standard deviation) for the
UAD of five holes drilled with 1.5 cm depth for different rock types.
In the legend the range of the UCS (dashed line) is displayed from
[39] and *[38].
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3.2. Exerted force
Figure 5: Exerted force on a halite sample for different drilling tech-
niques. a: Force measured with the DRMS for three holes of a depth
of 15 mm. b: Force measured during ultrasonic drilling over 35 s
(which relates to a depth of 15 mm) and a sampling rate of 5 kHz.
Figure 5 shows the results of three holes drilled into a
halite sample with the UAD and CD techniques. Figure 5 a
shows the exerted force measured with the DRMS for CD
for a depth of 15 mm. The force needed to drill a halite
sample with the settings described in Table 1 is on average
39.3 N for the three drilled holes with a standard deviation
of 7.6 N. The measured force during the UAD is clearly
below 20 N for the halite sample and on average 4.6 N with
a standard deviation of 2.7 N. Here the exerted force is
given per time not drilled depths, because of the more
accurate display of the sampling rate of the Kistler force
sensor with a sampling rate of 5 kHz. The progression rate
or more accurately the position sensor provides the depth
of the drill bit. 35 s of drilling a halite sample with the
UAD approximates a drilling depths of 15 mm.
3.3. Artificially weathered sample
An artificially weathered sample was drilled with the
UAD and DRMS. Figure 6 a shows a cross section of
the drilled sample. Subflorescence forced a gap of around
5 mm into the sample. The depths of weathering can be
therefore inferred visually from the cross section. Fig-
ure 6 b shows the exerted force on the sample measured
Figure 6: Investigation of an artificially weathered Stanton Moor
sample. a: Photograph of a cross-section of the drilled sample. The
cyclic drying and wetting with 14%-Na2SO4 solution caused a crack
to form below the surface. Holes were drilled perpendicular to the
surface. b: Exerted force on the sample measured with the DRMS
over a depth of 35 mm. c: Consumed power of the UAD during
drilling to a depth of 35 mm.
by the DRMS to a depth of 35 mm. A distinct drop in the
exerted force identifies the position of the damage in the
sample, but also an initial increase around 5 mm depths
can be observed (see Section 4.3). When comparing the
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holes drilled a general increase of exerted force from hole 1
to hole 3 can be seen.
For the UAD (Figure 6 c) the consumed power is displayed
also to a depth of 35 mm. The decrease in power clearly
marks the start of the damage in the sample. The power
consumed before and after reaching the gap is similar for
all holes.
3.4. Tool wear
Figure 7: Exerted force on a Stanton Moor sample measured with
the DRMS while drilling 15 mm for different drill bits. In black the
performance of a new, developed drill bit during drilling its first
15 mm (Hole 1). The same drill bit (DB 1) while drilling hole 30
(after drilling a total depth of 45 cm). In blue is the performance of
the SINT drill bit for hole 27, before it stopped working as the limit
of 100 N was reached. In grey is DB 2, a second developed drill bit
that had been used for ultrasonic drilling for more than 30 holes and
was then used in the DRMS to measure the force during conventional
drilling.
Figure 7 shows the exerted force during conventional
drilling of a Stanton Moor sample with different drill bits
(DB= developed drill bit and SINT= purchased drill bit).
DB 1 shows the force exerted during the drilling of the
first 15 mm and also an example of the force exerted on
the sample with the same drill bit drilling hole 30. In blue
the purchased SINT drill bit after drilling a total depths
of 37.5 cm (hole 27). For hole 28/after hole 28 the SINT
drill bit could not be used again, because the 100 N limit of
the DRMS was reached. In grey is the exerted force on the
sample with a second developed drill bit (uDB 2), that had
been used previously for ultrasonic drilling of more than
30 holes. In addition it has also been used for ultrasonic
drilling of soft sandstone of more than 15 holes. When
placed into the DRMS it shows a similar performance as
the new developed drill bit (DB 1).
4. Discussion
4.1. Rock type
A clear trend can be observed for the sandstones: the
increase in power consumption is linked to the increase
in hardness/UCS. This is consistent with results from [37]
where a wider range of stone types have been tested. UAD
allows the drilling of all stone types without changing the
given settings.
The hardness of the samples is inferred from their UCS.
As compressive strength can differ between layers of the
same rock type, an investigation of the UCS should be un-
dertaken for the samples used and further analysis: The
mineralogical and physical properties of the rocks are dif-
ferent in addition to the UCS, which also needs to be con-
sidered in addition to UCS for the evaluation of the con-
sumed power. The exact relation of power consumption
and UCS as well as mineralogical properties needs to be
identified by additional tests of varying stone types and
precise petrophysical characterisation of the samples. A
reference catalogue of building stones could then be cre-
ated and used to predict stone properties by the recorded
power consumption.
4.2. Average force
When comparing the average force exerted on a halite
sample, the UAD shows on clearly lower average values.
Not only the average force but also the maximum force on
the sample, that was measured intermittently, is predomi-
nantly less than half the force measured during CD. It has
to be considered that the sampling rate of the force sen-
sor of the UAD is 5000 Hz which is only a quarter of the
oscillation frequency of the UAD itself. Therefore some
information is lost and might exclude higher or lower force
values. On the other hand the 5 kHz sampling rate of
the force sensor shows that high force events are uncom-
mon. This is of course depended on the settings of both
tools. The settings were kept as similar as possible for the
two different drilling techniques but also enabling a good
signal-to-noise ratio for both tools.
4.3. Artificially weathered sample
Na2SO4 treatment forces a gap in the bulk sample.
Both drilling techniques enable a clear identification of
the location of this damage. The position of the gap
matches the visual observations from the cross sections of
the drilled sample with an error of 1.3 mm for the DRMS
and 2 mm for the UAD. The visual examination identi-
fies clearly visible gaps or larger salt accumulation. It can
therefore only be used for an estimation of the location
of maximum decay. A microcomputed tomography scan
would enable a more precise identification of any changes
in the samples. The given error might instead be the error
of the visual examination, assuming both analysing tech-
niques are more precise.
The signal-to-noise ratio for the UAD (with a low-pass fil-
ter of 10 Hz) is better than for the DRMS with an unknown
treatment of the recorded force data with the company’s
software. For the identified gap this trend can be observed
even more clearly.
An initial increase in exerted force measured by the DRMS
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can be due to the effects of the water repellent used. The
treatment can result in another drying front just below the
penetration depths of the water repellent and also increase
density in this area. This increase has been observed with
both tools during the investigation of other samples and
also depends on the position of the hole as well as on the
tool wear.
The exerted force measured on the sample during CD in-
creases with every hole drilled. For drilling only a small
amount of holes the SINT tool tip already suffers wear
whereas the tool tip of the UAD shows a constant power
consumption for the three holes drilled.
4.4. Tool wear
The force exerted on a Stanton Moor sample with dif-
ferent drill bits of the same diameter, but different tip
geometry/suppliers allows a good comparison of the drill
bit’s performance and wear. It was demonstrated that
drilling an abrasive sandstone such as Stanton Moor very
quickly blunted the drill bit provided by SINT (see blue
graph in Figure 7). After drilling 37.5 cm (27 holes of a
depth of 15 mm) of the sandstone this drill bit could not
be used with the DRMS again as the force needed to pene-
trate the stone reached the device’s limit of 100 N. The drill
bit developed in the study showed a good performance af-
ter 30 holes drilled. Furthermore a second developed drill
bit of the same type demonstrated a very good perfor-
mance after being used only for ultrasonic drilling. After
UAD of 50 cm of abrasive sandstone (and around 30 cm of
softer sandstones and limestones) the same drill bit was
used in the DRMS to measure the exerted force. In com-
parison to the other developed drill bit, which was used
during 50 cm of conventional drilling, it was found that ul-
trasonic drilling of sandstone has clearly reduced the influ-
ence of wear on the performance of the drill bit. Therefore
the life span of the developed drill bit is increased, espe-
cially when used for UAD.
In the future different drill bit shapes/PCD shapes should
be investigated for the purpose of ultrasonic rock drilling
and with a focus on debris material removal. The pointed
shape of the developed drill bit showed a good perfor-
mance.
Future investigations need to focus on the development
of a portable tool and different building materials such as
concrete or granite should be tested. So far the tool allows
for a better comparison on different building materials as
the same settings can be used for soft and hard sandstones.
In addition the quality of conservation treatments could be
assessed and the lower sensitivity of the tool for density/
porosity variations should be set. This could for example
include the penetration depths of desalination treatments
or consolidants. Limitations of the tool need to be defined
to mark a detection limit for individual materials or ma-
terial properties.
The application of UAD in conservation science has proven
to be advantageous over conventional drilling. The ap-
plication presented could also be used for non-terrestrial
weathering investigation (e.g., on Mars rovers) and sub-
surface rock properties could be investigated.
5. Conclusion
The key conclusions of our investigation of sandstones,
halite and artificially weathered samples are as follows:
1. Ultrasonic assisted drilling and the monitoring of
power consumption enabled differentiation of build-
ing stone type and properties. The same settings can
be used for different types of sandstones.
2. Less average force is exerted on the sample with ul-
trasonic drilling than conventional drilling. The re-
duction in force was nearly 90% for halite.
3. Subsurface salt decay can be mapped with UAD.
Changes in the structural properties of the rock influ-
ence the power that is needed to maintain the oscilla-
tion and amplitude of the ultrasonic assisted drilling
tool. After treatment of a Stanton Moor sandstone
through repeated drying and wetting with Na2SO4-
solution, the sample developed a crack below the sur-
face that can be detected by a decrease in power con-
sumed by the UAD. The same rock investigated with
different devices showed that the UAD had a better
(lower) signal-to-noise ratio.
4. The drill bit developed in this study shows a better
performance than commercially sourced PCD bits
during conventional drilling of sandstone samples.
Drill bits that were used for extensive ultrasonic as-
sisted drilling show nearly no influence on the perfor-
mance of the drill bit in comparison to conventional
drilling. The performance was assessed by the force
that is exerted on a drilled sample.
UAD demonstrated promising advantages over CD. More
tests on different materials are needed as well as the com-
pletion of a portable tool.
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